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Rhizobiurn bacteria infect plant roots and cause cortical cell divisions leading to the formation of nitrogen-fixing nodules. Bacteria from the genus Rhizobium generally infect hosts in' the legume family, Leguminosae; individual Rhizobium species are defined by which subset of plants the bacteria nodulate. In several Rhizobium species, nodulation (nod) genes are located on a large indigenous symbiotic plasmid (pSym). Homologies shared by these pSym plasmids include four nodulation genes, nodDABC, which are required for the earliest stages of nodule formation (see references 20 and 35 for a review). The nodDABC genes of JRhizobium meliloti, Rhizobium leguminosarum, and Rhizobium trifolii (symnbionts for alfalfa, pea, and clover, respectively) are designated as pommon (conserved), because each can functionally complement mutations in the nodDABC genes of the other species (reviewed in reference 21).
Expression of the nodABC genes in these Rhizobium species is induced by exudates of the host plants (14, 24, 28, 34) and is dependent on the expression of nodD (24, 28) . In alfalfa exudates, there appear to be several chemical constituents active in nod gene induction; the most active of these has been identified as a flavonoid compound, luteolin (26) . Luteolin is synthesized by the phenylpropanoid pathway, which functions in most plants, and luteolin is widely present in the angiosperms (26) . This suggests that induction alone does not account for host specificity. As Plant exudates and extracts. Seed exudates were prepared as previously described (24) . Briefly, plant seeds were surface sterilized and then imbibed for at least 12 h in sterile distilled water. The seed exudate was collected and sterilized by boiling for 5 min.
Plant exudates from mature plants were prepared by removing 5 to 10 g of plant leaf, sprout, or root tissue, covering the tissue with 25 to 50 ml of water, and shaking for at least 12-h at 250C, Plant exudates were removed, and 4.0 ml of the exudate material was concentrated to 0.5 ml by evaporation.
Plant extracts were prepared by freezing 5 to 10 g of plant tissue in liquid iitrogen, grinding the tissue to a powder, and extracting the tissue with 10 ml of methanol-1% hydrochloric acid. The extracts (4 ml) were evaporated to dryness and suspended in 0.5 ml of water.
Bacterial strain induction and beta-galactosidase assays. Cultures were grown to early logarithmic phase (Klett units, 40 to 50) in sidearm flasks and transferred to tubes as 2.5-ml samples for induction. Induction was done by the addition of 50 ,ul of plant assay material to the cultures and shaking for 4 h at 28 to 30°C. Beta-galactosidase assays were done as described by Miller (23) with modifications to reduce assay volume as previously described (24) . Induction experiments with acetosyringone were carried out as described by Bolton et al. (2) Fig. 1 are necessary for normal host plant infection by R. meliloti (7, 15) . Expression of the nodC-lacZ fusion in R. meliloti was previously shown to be dependent on seed exudate factors such as lijteolin, while expression of the nodD-lacZ fusion was constitutive (24, 26) . Our findings in this study were consistent with those data reported previously.
We wanted to examine the expression of the R. meliloti nod-lacZ fusions in the genetic backgrounds of other Rhizobium species. The nod fusion plasmids pRmM57 and pRmM61 were conjugated into R. trifolii, R. leguminosarum, and Rhizobium fredii and tested for induction with alfalfa seed exudate ( Table 2 ). All of these wild-type Rhizobium strains had low basal levels of endogenous betagalactosidase activity (Table 2 ) which were not influenced by the presence of the alfalfa seed exudate.
The nodD-lacZ fusion plasmid, pRmM61, displayed high levels of beta-galactosidase activity when introduced into heterologous Rhizobium strains (Table 2) , although the activity level was not quite as high as that of R. meliloti itself (810 U). Alfalfa seed exudate generally either had no effect on or slightly reduced the expression of pRmM61.
Rossen et al. reported that in R. leguminosarum, multiple copies of the nodD gene decrease expression at the nodD promoter (28); the evidence for this is that in R. leguminosarum, a nodD-lacZ fusion is expressed at a basal level of 50 U, but in a nodD::TnS background, nodD-lacZ expression was 60%o higher. By contrast, our analysis of R. meliloti had shown that the expression of a nodD-lacZ fusion was not altered in a nodD: :TnS background or by provision of additional copies of intact nodD on plasmids (24) . In this study, however, we found that the expression of the R. (Table 2 ). This suggests that the wild-type R. trifolii (pSym) bears a gene or genes, possibly nodD, active in regulation of the R. meliloti nodD promoter, a hypothesis consistent with results of the R. leguminarum study. Thus, nodD regulation may not be identical in all Rhizobium species. This regulatory difference may reflect the presence in R. meliloti, but apparently not in R. trifolii or R. leguminosarum, of multiple copies of nodDlike genes (12, 25) . The influence of multiple nodD copies on nodD and other nod gene expression is currently under investigation.
The nodC-lacZ gene fusion plasmid, pRmM57, showed very low basal beta-galactosidase activity in Rhizobium and Agrobacterium backgrounds. The addition of alfalfa seed exudate produced a 10-to 28-fold increase in betagalactosidase activity, depending on the host background ( Table 2 ). Where induction was observed, we retested with luteolin to determine its activity and found that luteolin caused a substantial induction in all backgrounds. Thus, other Rhizobium spp. have the components necessary to express R. meliloti nodD and to allow nodC to respond to plant inducers, including luteolin. The fact that expression is comparable in the wild-type strain ANU843 and the pSymdeleted strain ANU845 (Table 2) suggests that the genes necessary for the response are chromosomal or are contained on the introduced pRmM57 plasmid.
To determine if the presence of pRmM57 in a strain was sufficient to permit induction by alfalfa seed exudate, we tested this plasmid in other bacterial backgrounds. In E. coli and in the phytopathogens Xanthomonas campestris and Pseudomonas savastanoi, the nodC-lacZ fusion gene was not induced by alfalfa seed exudate (Table 2) . One possible reason for this is the low expression of nodD, as indicated by the expression of the nodD fusion plasmid. To control for this, we constructed a strain of E. coli in which nodD expression was driven at a high level from the Salmonella typhimurium trp promoter on one plasmid and the nodClacZ fusion was carried on a second plasmid. This construction also did not result in nodC expression, indicating that nodD alone is insufficient (Table 2) .
These results suggest that Rhizobium and Agrobacterium backgrounds share properties not found in all bacteria; namely, they support the gene regulation response to plant nod gene-inducing compounds, including luteolin. Specifically, we predict there are genes in addition to those borne on pRmM57 encoding functions required for induction. Among the candidates for such functions would be RNA polymerase and other components basic to the expression of Rhizobium cells. Genes for these properties may be located on the chromosome; it is known that A. tumefaciens, R. leguminosarum, and R. meliloti share similiar chrorhosomal gene order (13) . Also, several chromosomal genes from Rhizobium spp. have been shown to complement mutations in Agrobacterium spp. For example, Dylan et al. recently reported that A. tumefaciens chv (chromosomal virulence) genes share homology with R. meliloti (6) genes.
It may be possible to introduce the Rhizobium or Agrobacterium genes which support induction into heterologous bacteria, conferring responsiveness to plant inducers. These types of experiments will help define the potential steps, such as uptake, signal transduction, and promoter function, in the pathway from cellular perception of the plant inducer to gene regulation.
Activating substances in many plant species. To identify the (Table, 3 ). Seed exudates from the normal R. meliloti host plant, alfalfa, and some other legume plants, including white clover, birdsfoot trefoil, and fenugreek, showed high induction levels (100 to 400 U of beta galactosidase). However, seed exudates from some other legumes, including strawberry clover, soybean, and garden bean, showed very low induction (2 to 10 U of beta-galactosidase). Exudates of a few nonlegumes (oat, corn, onion, wheat, lemon, rose, and carrot) were tested and found to cause little induction of beta-galactoside activity above background level (2 to 8 U of beta galactosidase).
We examined plants whose exudates showed no inducing activity to see if they nonetheless contained inducing compounds. We compared exudates and extracts of several plants and found several cases in which extracts induced activity while exudates failed to induce activity. For example, carrot leaf showed very significant activity (500 U), and lemon, Graptopetalum sp., and rose all had slight but measurable activity (20 to 50 U). These findings are consistent with the reported widespread distribution of the flavones apigenin and luteolin. Alfalfa displayed a substantial level of inducing components in both exudates and extracts (250 to 300 U).
The disparity in some plants between internal content and exudate content of the inducer suggests that synthesis levels, distribution within the plant, and the ability to export inducing substance(s) may vary and that these factors need to be experimentally defined. Further studies are necessary to determine what role, if any, inducers have in making plantRhizobium combinations specific and efficient.
nod Genes not induced by acetosyringone either in Agrobacterium or Rhizobium backgrounds. Agrobacterium and Rhizobium spp. are closely related gram-negative heterotrophs; both are soil-dwelling phytopathogens which infect plants and produce alterations in the development of the host. The host range of Agrobacterium spp. is typically very wide, and Agrobacterium virulence (vir) gene expression is induced by exudates (conditioned media) from diverse plant groups (33) . The major component contributing to induction in tobacco cultures was identified as the plant molecule acetosyringone (32) . Because of the similarity of the two bacteria and because Rhizobium nod gene-activating substance was present in some nonlegume plant groups, we tested for an induction effect from acetosyringone.
Activity of the nodC-lacZ fusion was assayed both in R. meliloti and in wild-type A. tumefaciens A6 and B6 (Table  3) , under conditions optimum for vir gene induction (2) . The Agrobacterium genetic background supported induction of the Rhizobium nodC-lacZ fusion (Table 3) by alfalfa seed exudate and by luteolin (data not shown). Induction in Agrobacterium A6 and B6 was measurable, although lower than that in Rhizobium 1021(pRmM57). The absolute level of beta-galactosidase activity varied depending on assay conditions. However, there was no significant induction of the nodC-lacZ gene fusion by acetosyringone under any growth condition in either Agrobacterium or Rhizobium spp. (Table  3) . A control induction of the virE-lacZ gene fusion plasmid pSM358 in Agrobacterium sp. strain A348 gave strong induction with acetosyringone and only background levels with alfalfa seed extract (Table 3) .
